The EMMS/bubbling drag model takes the effects of meso-scale structures (i.e. bubbles) into 12 modeling of drag coefficient and thus improves coarse-grid simulation of bubbling and turbulent 13 fluidized beds. However, its dependence on grid size has not been fully investigated. In this article, 14 we adopt a two-step scheme to extend the EMMS/bubbling model to the sub-grid level. Thus the 15 heterogeneity index, H D , which accounts for the hydrodynamic disparity between homogeneous and 16 heterogeneous fluidization, can be correlated as a function of both local voidage and slip velocity. 
The mass balances for the gas and solid phases require that 6   g gc gf 
The mean voidage is related to the dense-phase and dilute-phase voidages by 9   g gc gf 1 ff
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The bubble diameter, as in our previous work, follows the correlation of Horio and Nonaka [29] , 11 which was reported applicable to a variety of powders [29] [30] [31] [32] . 12   
* The mean velocities of the dilute and dense phases are defined as U f =( g U gf + s U sf )/ b and 2
and  c = g [1+2.5 sc +10.05 sc 2 +0.00273exp(16.6 sc )], respectively. 4
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The related definitions and model parameters are summarized in Table 1 . Similar to the 6 two-step scheme of the EMMS/matrix drag model, in the first step, we calculate the meso-scale 7 structure parameters (  gc , d b ) by solving the set of conservation equations and the stability condition, Eqs.(1) to (8) at the reactor level under the given superficial gas velocity. The scheme for this first 1 step is referred to Hong et al [5] .  gc and d b can thus be expressed as a function of voidage. As 2 indicated in the EMMS/matrix model, the voidage in bubbles tends to  max ( max =0.9997) and a sf 3 tends to -g. Then, the remaining variables, i.e. (U gc , U sc , a sc , f) for the dense phase and (U gf , U sf ) for 4 the dilute phase, can be determined in the second step by solving the conservation equations (Eqs. 5
(1) (6)) locally within each grid. As indicated in Lu et al. [16] , the velocities U gc , U sc , U gf , U sf can 6 be further reduced to two slip velocities (U ri , U rc ) by combining the definitions of superficial 7 velocities as shown in Table 1 and the equations (Eqs.(4) (6)). The relationship between two slip 8 velocities (U ri , U rc ) can be expressed as Eq. (9), 9
The detailed derivation of Eq. (9) is provided in Supplementary material. Finally, four 11 unknown parameters (f, U rc , U ri , a sc ) in the second step are closed by four equations, Eqs. (1), (3), 12 (6) and (9) . 13 With the meso-scale parameters ( gc , d b ) resolved in the first step, the scheme of the second 14 step is described as follows: 15 (1) 
(10) 2 And the heterogeneity index, H D , is defined by 3 
3 Sensitivity to grid size 6
Simulation settings 7
The grid size has significant effects on the simulation results [7, 19, 34] . To test the grid 8 dependence when applying the new drag model, we chose a 2D doubly periodic domain with 9 dimension comparable to a typical coarse grid in TFM simulations, as in the work of Lu et al. [ 
16] 10
and Agrawal et al. [7] . 11 Square grids were generated uniformly by using Gambit 2.4, and ANSYS Fluent  15 was 12 used as the CFD solver. Two different solid concentrations, i.e.,  s =0.05 and  s =0.2, were adopted 13 to represent the dilute and dense flow. Fine particles were distributed uniformly in the domain at the 14 beginning. The pressure drop in the vertical direction was specified to be equal to the gravity of 15 solid particles. Both gas and solid phases were initialized with zero velocity and then a perturbation 16 was introduced. Following many previous researches, to mention but a few, Agrawal et al. [7] , 17 Igci et al. [34] , and Lu et al. [16] , the time series of slip velocity of y-direction were monitored toobserve its fluctuation. After a period of time, the quasi-steady state was reached where the 1 time-averaged slip velocity kept almost unchanged, then statistical analysis could be started to 2 determine the time-averaged quantities. In this study, all simulations over the periodic domain ran 3 for 8 seconds and the last 4 seconds were collected for time-averaged statistics. Implicit formulation 4 was adopted to solve the volume fraction equation, since it reached pseudo-steady state faster than 5 explicit formulations [35] . The physical time step 210 -4 s chosen in present work was based on the 6 work of Lu et al [16] . However, for the case of the finest grid (128512), using such a time step 7 causes convergence difficulty, thus, a smaller physical time step 510 -5 s was chosen. The 8 Favre-averaged slip velocity over the domain, as applied in Agrawal et al. [7] , was used to quantify 9 the effects of meso-scale structure on the drag, and defined by 10
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Where N is the number of cells. More simulations settings are shown in Table 2 and the drag  12 formulations are provided in Table B .2 of Supplementary material. Although the correction of this 13 work is complicated, the computational time does not increase too much as they only involve 14 algebraic calculation. According to our experience, the simulation time of using the model of 15 Hong et al. [5] and this work are almost the same. 16 For the case of  s =0.05, the slip velocities keep changing until the grid size decreases to 4d p .
8 During grid refinement, the dimensionless slip velocity (u r /u t ) predicted by using the drag of Hong 9 et al. [5] changes from three to five. By comparison, the change predicted by using our new drag is 10 much smaller. 11
For the case of  s =0.2, the slip velocity predicted by using the drag of Hong et al. [5] 12 converges to its asymptotic value again at the grid size of about 4d p , whereas the sensitivity to the 13 grid size is weaker compared to the dilute flow case ( s =0.05). And our new drag model shows even 14 weaker dependence on the grid size. That implies a coarser grid could be applied when using our 15 new drag based on two-step scheme. To further evaluate the effect of the slip velocity factor in the new drag model, we performed 10 a series of simulations of three fluidized beds by using the EMMS/bubbling drag with and without 11 slip factor. These three fluidized beds operate over regimes from bubbling fluidized bed 1 (Dubrawski et al. [33] ) to turbulent fluidized bed (Venderbosch [6] , Gao et al. [36] ). Fig. 3 shows 2 their geometries and Table 3 lists the material properties and operating conditions. no-slip and the partial-slip boundary condition were prescribed for the gas phase and solid phase, 7
respectively. The algebraic form of the granular temperature model is chosen in our simulations, 8 since it can save computational time and has better numerical convergence. In addition, this option 9 allows similar prediction as using the full granular energy balance model [9, [37] [38] [39] . The solids 10 leaving the outlets were recirculated to the bottom through using user defined functions (UDF) to 11 avoid serious solid entrainment. The averaged solid concentration in the dense bottom and solid 12 flux at different heights were monitored to determine when the simulation reached quasi-steady 13 state. We found those parameters converged to certain quasi-steady value after 20 seconds. 14 Therefore, all simulations of reactors ran for 30 s and the data of the last 10 s were collected for 15 averaging. More simulation settings are summarized in Table 4 and the drag formulations are 16 provided in Supplementary material. 17 Fig. 4 shows the effect of grid size when using both drag models for the bubbling fluidized 5 bed by the axial profiles of solids volume fraction. Both drag models show good prediction and 1 weak dependence on the grid size. Fig. 5 shows the instantaneous and time-averaged distribution of 2 solid concentration under different resolutions when using both drag models. It is clear that 3 meso-scale structures in forms of bubbles or voids can be captured. The predicted expansion heights, 4 as summarized in Table 5 , are determined by following the approach of Cloete et al. [40] and they 5 are also weakly dependent on the grid size. 6 compares the radial profiles of solid concentration when using both drag models under 4 the coarsest resolution (=198d p ). It is clear that both models capture the so-called core-annulus 5 flow structure. Quantitative comparison to experimental data shows that both drag models allow 6 reasonable prediction and their difference is small. This finding is consistent with the report of 7
Ghadirian et al. [42] , as the bubbling fluidized bed is operated with low gas velocity and a narrow 8 distribution of slip velocity. Therefore, it is not surprising that the slip factor is not so significant 9 here. 10 In the following, we present results of two turbulent fluidized beds to further investigate the 6 effect of newly introduced slip factor on the grid dependence. Fig.7 shows time-averaged axial 7 profiles of solid concentration and several slices of distribution of solids. Two drag models are 8 employed under two resolutions. When the EMMS/bubbling drag of Hong et al. [5] is employed, 9 refining grid size from 67d p to 45d p obviously improves the prediction, especially in the dense 10 bottom. Whereas for the new drag model, the prediction is less sensitive to the change of grid size 11 and the axial profiles under both grid resolutions agree well with the experiment. 12 standard drag coefficient for a particle C db standard drag coefficient for a bubble C dc effective drag coefficient for a particle in dense phase C dc0 standard drag coefficient for a particle in dense phase C df effective drag coefficient for a particle in dilute phase C df0 standard drag coefficient for a particle in dilute phase 
